INTRODUCTION
A commencement beginning of the boundary-layer theory is owed to Prandtl (1904) , who gave the innovatory concepts of boundary layer in the field of fluid mechanics. Utilizing this idea many developments have been made in the fields of engineering and sciences. The laminar boundary-layer flow along the long thin cylinder is problem of special deliberation for the engineers, physicists and mathematicians due to its important applications in the study of aero-dynamical properties of the motion of air craft, long vehicles, and bullet trains etc. Furthermore, useful examples can be found in the manufacturing of wires, fibers and glass, and in polymer industries.
The boundary-layer flow over long thin static cylinder was initially considered by Seban and Bond (1951 solution was established by Kelly (1954) . Glauert and Lighthill (1955) used the Pohlhausen method based on a logarithmic velocity profile valid for all values of Afterwards, a number of publications, Stewartson (1955) , Jaffe and Okamura (1968) , Cebeci (1970) , Curlen (1979) , Sawchuk and Zamir (1992) , Lin and Shih (1980) ) appeared in which the authors studied different properties of boundary-layer for such kind of flow over a long cylinder. The boundary-layer flow generated by an axially translating thin cylinder in a fluid at rest was first considered by Sakiadis (1961) who used Pohlhausen method to calculate solution. Furthermore, the work of Sakiadis has been extended by many researchers (Lin and Shih, 1980; Rotte and Beek, 1969; Karnis and Pechoc, 1982; Pop et al., 1990; Eswara and Nath, 1992; Na and Pop, 1996; Sparrow et.al., 1970; Sparrow and Yu, 1971) in different directions. Such kind of flow is referred to as two-dimensional if the radius of cylinder is large as compared to the boundary-layer thickness. But when radius of the cylinder is of same order as that of the boundary layer thickness, the flow may be considered as axisymmetric. The governing equation for flow over cylinder contains the terms due to transverse curvature. As mentioned by Sparrow and Yu (1971) , the transverse curvature has significant effects on the boundary-layer and causes non-similarity in the problem.
In the structure of similar boundary-layer theory, the original partial differential equations are usually transformed in to ordinary differential equations by employing the similarity transformations but when such kind of similarity does not exist, we seek the method to find the solution for the nonlinear partial differential equations (PDEs). Generally, it is difficult to solve nonlinear PDEs for such kind of flow problems. Sparrow et al. (1970) and Sparrow and Yu (1971) studied the causes of non-similarities and proposed a method "local non similarity" to solve non-similar boundary-layer equations by transforming the original PDEs in to the set of ODEs and then solving them by a numerical scheme.
His two-equations model and three-equations model solutions gave excellent results when compared with the results reported by Wanous and Sparrow (1965) , Catherall et al. (1965) and Glauert and Lighthill (1955) and valid for large range of curvature parameter. Inspired by the aforementioned studies, Massoudi (2001) used the method of local non-similarity to find the solution for the flow of non-Newtonian fluid over a wedge.
The intention of the present study is to investigate the unsteady non-similar boundary-layer flow over a long thin cylinder. The unsteadiness is introduced due to impulsive start of the cylinder. It is globally admitted that analytic solution to unsteady boundary layer flows are not easy to find which would be uniformly valid in the whole spatial domain. Though, there are few analytic studies (Dennis, 1972; Seshadri et al., 2002; Nazar et al., 2004; Bachiri and Bouabdallah, 2011) in which the authors have reported analytic solution to the unsteady similar boundary-layer equations in which solution are valid for limited ranges of parameters. However, the situation goes worse when one deals with non-similar boundarylayer equations. Cimpean et al. (2006) studied free convection non-similar boundary-layer flow over a vertical flat sheet in a porous medium by the perturbation method but his results were valid only for small and large values of which was taken as perturbation parameter. Recently, Liao (2008) suggested an analytic approach to get series solution for the non-similar boundary layer flows. He employed homotopy analysis method (HAM) to get series solution for two kinds of non-similar flows which were convergent and valid throughout the spatial domains. Furthermore, Kausar and Liao (2010) applied same technique to solve non-similar boundary-layer flows over a porous wedge and obtained the convergent solution for all ranges of physical variables. Homotopy analysis method was first proposed by Liao (1999) for the solution of highly nonlinear problems in science and engineering. Due to the wide range of its applications, HAM has been used by number of researchers to nonlinear problems in science and engineering Ali, 2007a, 2008; Abbasbandy, 2007; Abbasbandy and Samadian, 2008; Khan et al., 2010; Munawar et al., 2010 Munawar et al., , 2011 Domairy, 2008, 2009; Ghasemi and Bayat, 2011; Ezzati and Aqhamohamadi, 2011) . This proves, HAM, a powerful analytic tool for highly nonlinear problems. Fallowing (2008) and Kausar and Liao (2010) , we employ the same analytic technique (HAM) in order to solve our unsteady non-similarity boundary-layer equations. It is worth mentioning here that our present analytic solution is uniformly valid for all values of time and the longitudinal distance . The present technique has been successfully applied to the unsteady problems in engineering by various researchers (Xu and Liao (2005; Liao, 2006; Mehmood and Ali, 2007b; Ali and Mehmood, 2008; Mehmood et al., 2008a, b, c) .
MATHEMATICAL FORMULATION
Consider an unsteady, incompressible, two-dimensional boundarylayer flow of a viscous fluid over a long thin horizontal cylinder of radius , the fluid at infinity is assumed to be flowing with a constant free stream velocity ∞ . At time ≥ 0, cylinder suddenly starts moving in the longitudinal direction. Let -axis is measured along the axial direction of the cylinder and the radial coordinate be measured transversely from the axis of the cylinder. Assuming the constant property fluid, the equations that govern the aforementioned flow are:
(1) (2) with the boundary conditions (when ≥ 0)
Both the fluid and the cylinder are at rest initially ( < 0), so that, the initial conditions become (4) where ( , , ) and ( , , ) are the velocity components along and directions, respectively, the ratio of the cylinder velocity to the free stream velocity and the kinematic viscosity of the fluid. Usually, the boundary layer Equation (1) to (3) are solved by introducing the stream function defined by (5) As mentioned by Sparrow et al. (1970) , similarity solutions of Equations (1) to dimensionless coordinates we use the following transformations, that were introduced by Seban and Bond (1951) , after modifying them by the procedure of Williams and Rhynes (1980) : (6) Using (6), Equations (1) to (4) readily transform to (7) subject to the boundary conditions (8) where the primes denote partial derivatives with respect to . We can reduce the model for the local similarity flow by deleting the terms on the right side of Equation (7).
The quantities of core physical considerations are the local shear stress at wall , displacement area Δ and the momentum defect area Θ which are defined, respectively, as] (9) (10) (11) where is the dynamic viscosity of the fluid and is the thickness of boundary-layer. The coefficient of skin friction for a moving cylinder is defined as (12) In terms of transformed variables (6), we have (13) where = ∞ is the local Reynolds number. Also the dimensionless frictional drag per unit length of the cylinder is given by (14) In order to find the analytic solution of the nonlinear partial differential Equation (7) along with the boundary conditions (8) we use homotopy analysis method (HAM). For which the details will be presented subsequently.
HAM SOLUTION
An assessment of the boundary conditions (8) suggests that the solution expression ( , , ) can be expressed by the following set of base functions: Munawar et al. 7711 (15) in the form (16) where , , are coefficients to be determined. We choose the initial guess satisfying the boundary conditions (8) and the solution expression (16) as (17) As mentioned by Liao (2008) , the velocity is more variant across the flow direction than that in the flow direction, so the derivatives , 
where 1 , 2 and 3 are constants of integration. According to Equation (7), we define a nonlinear operator as
Taking ℏ as non-zero auxiliary parameter, we construct the zeroorder deformation problem as (21) subject to the boundary conditions (22) where ∈ 0,1 is the embedding parameter. As increases from 0 to 1, Φ ξ, η, ζ; p distorts from the initial guess 0 , , to the final solution ( , , ) of the Equation (7). Expanding Φ ξ, η, ζ; p with respect to by Taylor"s theorem we get (23) where (24) Assuming that the auxiliary parameter ℏ, auxiliary linear operator ℒ and the initial guess are so properly chosen that the series (23) is convergent at = 1 so that Equation (23) takes the form ( , ; ), 
Differentiating the zero order deformation equations (21) and (22) -times with respect to at = 0 and then dividing by !, we obtain the th order equation as (26) with boundary conditions (27) where (28) with (29) It is convenient to solve the linear ordinary differential equations (26) with constant coefficients along with the boundary conditions (27) using some symbolic computing software, such as, Mathematica. If * , , represents the special solution of (26) then the general solution reads as (30) where 3 =0 due to the boundary condition (27) at infinity and (31) are determined due to the boundary conditions (27) at = 0.
RESULTS AND DISCUSSION
Here, a brief discussion is presented on the convergence of our HAM solution and the effects of various variables on substantial quantities through graphical illustration. To examine the convergence of the solution series (25), it is confessed that convergence of the solution expression strongly depends upon the auxiliary parameter ℏ, which gives us a trouble-freeway to manage and adjust the rate and region of convergence of solution series for all range of possible variables 0 ≤ < ∞, 0 ≤ < ∞ and 0 ≤ < ∞, as pointed out by Liao (2003) . In order to find the suitable values of convergence controlling parameter ℏ we have plotted ′′ ( , 0, ) against ℏ at 13th order of approximation for given values of and in Figure 1 . It is evident from the figure that by increasing the values of , the admissible value of ℏ shifts toward zeros and the interval of appropriate values of ℏ also shrinks down. To expedite the convergence of our solution series, we employ the homotopy padé approximation to the series solution and the numerical values of ′′ ( , 0, ) at different orders are given in Table 1 . To ensure the convergence of series solution it is desired that the imprecision must be negligible as we go for higher order approximations and it is seen from Table 1 that at 9th order padé approximation, there is no correction up to 5 decimal places. It can also be observed from Table 1 that as the order of approximation increases the residual error tends towards zero and at 18th order approximation, the corresponding residual error is near about 7.7609×10 . In order to analyze the effects of variables, involved in our considered problem, on the velocity and other important boundary-layer parameters, we have plotted the graphs in Figures 2 to 10. Figure 2 presents the effects of dimensionless time on the velocity profile and it seems that for small time the disturbance in free stream velocity of the fluid is confined very close to the cylinder surface. As time passes and flow develops, it increases rapidly and reaches to its steady state at = 7.0 (roughly).
This conduct of velocity profile also demonstrates the legitimacy of our HAM solution for all time 0 ≤ < ∞ in the whole spatial domain. Figure 3 shows the consequence of the curvature parameter on the velocity profile. It is noticed from the figure that velocity near to the surface of cylinder increases as increases and then it changes its character visibly as one goes downstream along the cylinder which results in the thickening of boundary-layer. This behavior of velocity is due to the fact that as the curvature parameter increases, the radius of the cylinder shrinks down and the shear stress due to the surface area of cylinder also reduces which results in growth of the velocity near the surface. From Figure 3 , it is also observed that the boundary layer thickness increases significantly for large curvature as compared to small curvature case. This is because of the fact that the momentum transport due to the phenomenon of convection takes place all around the cylinder and is therefore better for the slim cylinders. A 3-dimensional figure of the same behavior of the velocity profile can be seen in Figure 4 . the boundary-layer thickness also increases. This behavior of the velocity profile is due to increasing skin friction as the cylinder moves either in parallel or in opposite direction.
The consequence of time on boundary layer thickness has been shown via a contour plot against in figure 6 . Obviously, as time passes the boundary layer thickness increases. However, increase in the boundary layer thickness for small time is more significant than for the large time. This is due to the fact that for small time the normal stresses generated in the fluid are so large and as time passes the normal stresses become small and the shear stress at the wall grows hastily which results in increase of boundary layer. It is also noticed that the boundary-layer thickness is an increasing function of . The effects of time and the parameter on the coefficient of skin friction and the frictional drag are shown in Figures 7 and 8 , respectively, for small and large range of . In Figure 7 , the graph for the coefficient of skin friction against small range of (0 ≤ ≤ 4) is plotted. It is observed from here that the skin friction increases as increases and inverse behavior is observed in the case when time increases. In Figure 8 , logarithmic scales for the frictional drag log 2 ∞ for the different values of dimensionless time is plotted against the large values of (−3 ≤ log ∞ 3 ≤ 3). Here we observe that for large range of , the frictional drag per unit length decays toward zero. Also as time increases, the frictional drag increases but not notably due to logarithmic scale. The displacement area Δ, quantity of special interest was plotted in the Figure 9 for different time levels against large values of . It is noticed that displacement area increases as time and axial distance increase. This is due to the reason that the boundarylayer thickness enhances due to the increase in the time as well as curvature, so the fluid outside the boundarylayer displaces apparently owing to the friction of the particles in the boundary-layer which results as an increment in the displacement area. Figure 10 is reserved for the effects of cylinder velocity and axial distance on the momentum defect area Θ. Here we observed that as velocity of cylinder increases the momentum defect area also increases. This is because as the cylinder moves in direction of free stream, the momentum transport also augments. Obviously, the momentum defect area increases as the axial distance increases because it is proportional to .
Conclusion
In this communication, an analytical investigation is carried out for an unsteady locally non-similar boundarylayer flow over a slim cylinder. Homotopy analysis method has been used as an analytic tool. It is important to mention here that our analytic solution is uniformly valid for all time ≥ 0. The solution is highly accurate and converges in the whole spatial domain. The convergence of the solution is shown by calculating the residual error at different orders of approximation. The characteristics of quantities of physical interest have been discussed in detail. It is observed that the layer thickness increases by increasing the curvature of the cylinder and the frictional drag is observed to be diminished at large longitudinal distance. Furthermore, the displacement area and the momentum defect area are observed to be increasing in the downstream direction. The boundary-layer thickness, frictional drag and the displacement area augment with time. The momentum defect area decreases when cylinder moves in the opposite direction of the free stream velocity. Munawar et al. 7715 
